Abstract. Through a contract with the US Army Corps of Engineers, Baltimore District, an innovative passive system to treat drainage from an abandoned underground coal mine was completed in 2008. The discharges can be characterized as highly acidic (pH 2.7, 1400 mg/L acidity) with moderate to high metal concentrations, having average total iron, manganese, and aluminum values of 300 mg/L, 20 mg/L, and 140 mg/L, respectively. The passive system utilizes a variety of treatment components including mixed-media vertical flow ponds, an anoxic limestone drain, a horizontal flow limestone bed, settling ponds, wetlands, etc. Of particular interest is the use of oxidation and precipitation channels to form iron solids at low pH. Preliminary results indicate that on average about 230 mg/L of dissolved iron is being removed at 2.6-3.2 pH. Removal of iron within the channels is expected to decrease operation & maintenance requirements while increasing the overall life of the system. Other design considerations included decreasing the potential for saturation with respect to gypsum, increasing alkalinity through anaerobic decomposition and sulfate reduction in alkaline mine drainage sources, and creating elk habitat. The final system effluent is net alkaline (7.5 pH, 214 mg/L alkalinity, -180 mg/L acidity) with total iron and aluminum less than 1 mg/L and total manganese of about 5 mg/L.
Introduction
Coal mining activities have been conducted within the 6,600-ha (25. "The primary source of AMD to Dents Run is from abandoned coal mines along Porcupine Hollow…Because [the drainage from the 1700-acre] Porcupine Hollow is so severely degraded, the water quality… at the confluence with Dents Run drops from [a pH of] ~6.0 above, to less than 3.5 below the confluence… The effect of the AMD from Porcupine Hollow on Dents Run is dramatic and devastating to the ecosystem. In addition to the degraded aquatic habitat …terrestrial and riparian habitat along Dents Run and Porcupine Hollow are severely impacted…" Dents Run, after receiving drainage from Porcupine Hollow, is essentially devoid of life while the non-impacted upper portion has a healthy ecosystem supporting native trout (USACE, 2001 ).
The USACE Baltimore District retained BioMost, Inc. to design a passive treatment system in order to abate the highly acidic, metal-bearing, discharges associated with an abandoned The approximately 40-ha (100-acre) headwaters of Porcupine Hollow has been extensively mined by both underground and surface methods to recover bituminous coal (Pennsylvanian Allegheny Gp.; Kittanning Fm.). Based on the sulfate content of the various water sources that were sampled, a limited site investigation, aerial photography, and review of mine permit boundaries, the majority of contributory drainage to "Porcupine Run" appears to issue from, flow through, and/or intercept drainage from areas disturbed by coal extraction activities. The abandoned mine drainage at Problem Area 3895 represents ~6% of the total acid load in Dents Run and the discharges of concern emanate from abandoned underground mine workings in an area referred to as Phase 1 (USACE, 2001) . Abandoned coal refuse, estimated at ~1500 cubic meters (~2000 cubic yards) later revised to ~3800 cubic meters (~5,000 cubic yards) (BioMost, 2007) also impacted "Porcupine Run".
Water Quality Characterization of Site Drainage
Two collapsed drift entries in the uppermost headwaters of "Porcupine Run" discharge acidic water (sample points 162-2 and 162-3). Pre-construction monitoring of the site was conducted by BAMR from August 1993 through March 1999. Even though the drainage at 162-2 differs somewhat in quality and quantity compared to 162-3, the discharges are relatively similar. All monitoring indicates that the discharges can be characterized as perennial and highly acidic having high concentrations of iron, aluminum, and sulfates with moderate manganese content as identified in Table 1 . During the design phase, the water monitoring program was expanded to identify and characterize (See Table 2 .) other sources of drainage, including net alkaline seeps and discharges to aid in evaluating passive treatment options. All sources sampled had sulfate concentrations >100 mg/L, indicating that all or a portion of the contributory flow was hydrologically-related to previous mining activities. Seeps/discharges 162-6, 162-8, and 162-10, emanating below surface mining activities in the Phase 1 area, have significant alkalinity and comparatively low metal (Fe, Mn, Al) concentrations. This is probably related to several factors associated with the surface mine operation including the presence of calcareous overburden and/or the incorporation of alkaline material in the recharge area during reclamation, regrading to approximate original contour, and successful revegetation. In addition, a number of other degraded seeps/discharges such as 162-13 and 162-14 (See Table 3 .) were identified and characterized during the site investigations. These discharges, although impacting "Porcupine Run", were outside of the project area and could not be incorporated into the passive treatment system. feet) downstream of the headwaters discharges 162-2 and 162-3. As depicted in Table 4 , "Porcupine Run" was severely degraded prior to the installation of the passive system. 
Design Considerations
During the design phase of the Dents Run PA 3895 passive system, a variety of factors were taken into consideration in order to provide effective, long-term, low maintenance treatment of the mine discharges while conforming to the land use of elk habitat.
Enhancing Naturally-Occurring Iron Removal at Low pH At the 3895 site, iron removal was noted to be occurring naturally at low pH during predesign investigations. This phenomenon had been previously described by project partner, Tiff
Hilton, WOPEC, at a coal mine site in West Virginia, where a natural decrease of 50-60% in total and dissolved iron concentrations and a 35-45% decrease in acidity occurred at a low pH over a 189-meter (600-foot) long channel. He also projected that by treating the water with a chemical treatment system at the end of the channel as opposed to treating the water at the point of issuance would result in using 70% less sodium hydroxide per gallon of AMD treated and produce 35-50% less sludge (Hilton, 2005) .
Nonetheless, previous experience at other sites indicated that the iron-bearing material forming at low pH had caused operation and maintenance concerns for passive systems such as, plugged pipes and the apparent decrease in treatment media permeability due to surface accumulations of the iron-bearing material (Denholm, et al, 2006) . Based on the field observations at Site 3895 and with an interest in solving known operation and maintenance issues, the system design was to include component(s) that intentionally promoted the formation and retention of iron solids at a low pH, prior to directing the mine drainage into an alkalinity-generating component.
Enhancing and Utilizing Existing Sources of Net Alkaline Water
To further decrease both long-term treatment and operation and maintenance costs, as discharges 162-2 and 162-3 were so extremely acidic (~2000 mg/L hot acidity), a decision was made to enhance and utilize the existing alkaline mine discharges.
For example, as iron removal at low pH visually appeared to improve after the confluence with the 162-8 net alkaline seep even though little change was noted in pH, this seepage was to be intercepted within a small anoxic limestone drain (ALD) in order to generate some additional alkalinity to possibly enhance low-pH iron removal.
Also, as alkaline discharges 162-6 and 162-10 had relatively low concentrations of iron and were net alkaline, these discharges and other small seeps were to be collected and then directed into a VFP containing an organic mixture of compost and wood chips primarily to increase alkalinity through sulfate reduction and anaerobic decomposition. The effluent of the VFP was then to be introduced into the acidic drainage.
Inhibiting Gypsum Formation
As the sulfate concentration in the discharges was high (>2000 mg/L) and as research had indicated that gypsum may be a contributor to plugging or fouling (decrease in permeability) of treatment media (Rose, et al, 2007) , there was concern about saturation with respect to gypsum with the use of limestone as an alkalinity generator. Several design features, therefore, were included at different locations within the system to try to reduce the likelihood of gypsum precipitation. For instance, one of the functions of the organic-only VFP was to decrease sulfate concentrations of the net alkaline mine water through microbial sulfate reduction. Additional decreases in sulfate concentration were also anticipated through the use of a second, mixed media, VFP.
Researchers had also indicated that limestone dissolution may be inhibited and permeability may be decreased with the filling of void spaces in the limestone aggregate by the growth of gypsum crystals (epitaxial nucleation on calcite) (Rimstidt, 2006) . The same research also indicated that this process, however, does not occur or is significantly limited with the use of dolomite. As generating alkalinity from magnesium carbonate also decreases the amount of dissolved calcium in the water when compared to the use of a higher calcium carbonate aggregate, saturation with respect to gypsum is further discouraged. On the other hand, the slower dissolution rate for dolomite was a concern. The second vertical flow pond, VFP2B, therefore, was designed to contain a mixture of compost, wood chips, and both limestone and dolomite aggregate. The compost and wood chips were to be used to create reducing conditions to encourage microbial sulfate-reduction, resulting in increased alkalinity and decreased sulfate concentrations.
Creating Elk-Friendly Habitat
As previously mentioned, the project is primarily located on Pennsylvania State Game Lands #311 in Benezette Township, Elk County, which has a thriving elk population making the area a popular tourist destination for this relatively remote section of north-central Pennsylvania. The passive system, therefore, was designed to include some elk-friendly features including gently sloping embankments to enable elk to walk through the system components, vegetative cover in the upland areas for elk browsing, and a pull-off/viewing area for the public.
Passive Treatment System Overview
The Dents Run 3895 Passive Treatment System (See Figure 3. ) was designed and installed in two separate phases to incorporate not only most of the seeps, springs, and discharges into a multi-component system, but also to utilize and enhance the pre-existing naturally-occurring processes. were completed in 2009. Table 5 provides current preliminary average results for the individual passive system components. The complete data set for the individual sampling dates is available for viewing and for download at www.datashed.org.
As can be seen from Table 5 , the passive treatment system has been successfully treating the abandoned mine discharges. The final effluent of the system which discharges from the HFLB can be characterized as circum-neutral, net alkaline water with very low concentrations of dissolved iron and aluminum and low to moderate concentrations of manganese. Based on available data, the system is, on average, treating approximately 76,000,000 liters (20,000,000 gallons) of mine drainage per year and removing 3,000 Kg (6,700 lbs) of iron and 1400 Kg (3,000 lbs) of aluminum per year.
Interestingly, manganese shows a slight increase in loading of about 1.1 Kg (2.5 pounds) per day even though the final discharge is typically half of the initial concentrations indicating contributions from additional sources. Flow rates do increase within the system especially after VFP1 enters the main flow; however, this contribution typically contains <1 mg/L manganese.
As can be seen in Table 5 , the average flow rates of the influents to the system (FB1, ALD1, and VFP1) are significantly less than the flow rate of the final effluent (HFLB). While the HFLB average flow is skewed by a rainfall event that had just ended prior to sampling on 9/28/09, there is still indication that the system may be encountering additional manganese-bearing water.
Nonetheless, manganese concentrations have not decreased as much as expected. This may be due to the reducing conditions created by VFP2B. Despite the quick reintroduction of oxygen into the water via the Step Aerator (DO >7 mg/L) and the exposure to the atmosphere, both the HFLB influent and effluent often have a negative oxidation-reduction potential (ORP). The impact of the passive system on the receiving stream, "Porcupine Run", is quite dramatic as demonstrated in Table 6 . After the installation of Phase 2, the majority of the mine water affecting sampling point 162-22 was being diverted into the passive system. As can be seen, "Porcupine Run" at this point is still influenced by mining, but the water quality is substantially improved. At point 162-24, over 300 meters (1000 feet) downstream of 162-22, the flow rate of "Porcupine Run" has more than doubled and the stream has become more degraded, reflecting the impact of additional AMD sources. Comparison of "Porcupine Run" at 162-24, which is about 15 meters (50 feet) upstream of the confluence with the passive system final effluent, with point 162-23, which is located approximately 30 meters (100 feet) downstream of the confluence, indicates that the effluent of the system improves "Porcupine Run" from a net acidic to net alkaline stream with decreased concentrations of iron and aluminum. At sample point 162-21 which is located about 300 meters (1000 feet) downstream of the passive system, the water has improved significantly. Other mine discharges located downstream of the passive system impact the stream, but at times the quality of "Porcupine Run" is net alkaline with relatively low concentrations of dissolved iron and aluminum and slightly elevated concentrations of manganese. Based upon available data, "Porcupine Run" at 162-21 remains, on average, slightly net acidic, but the overall improvement is still dramatic, as prior to installation of the passive system based on available monitoring spanning the previous 30 years (n=57), "Porcupine Run" characteristically had a pH of 3 or less with 500 mg/L acidity and 50 mg/L total iron as depicted in Table 6 . 
Preliminary Effectiveness of Iron Removal at Low pH
The Phase 1 portion of the system has exceeded all expectations especially in terms of low pH iron removal. On average about 233 mg/L (90%) of the iron is being removed at low pH simply by allowing the water to flow over a wide, flat-bottomed, rock-lined channel. Tables 7   and 8 provide a closer look at this phenomenon for select parameters on individual sampling dates. The lowest percent decreases in dissolved iron concentrations occurred on 12/21/09 and 1/21/10. Interestingly, these were also the coldest sampling events to date with much of the channel covered by a layer of ice. Despite the below freezing ambient temperature conditions and an ice cap over much of the channel, a 78% and 74% removal rate of dissolved iron on 12/21/09 and 1/21/10, respectively, still occurred. Also note that the calcium content of the drainage does increase, indicating some dissolution of the limestone (~70% CaCO 3 ) used for the riprap channel liner and/or influence from other drainage, which may at times contribute to the observed decreases in acidity. On January 21, 2010, a partial water quality "snapshot" and dye test was conducted as an initial attempt to better understand the processes occurring and possibly evaluate residence (retention) times for removal of iron at low pH. As the dye tended to cling to the channel substrate, a single dye test for the entire length of channel could not be completed. Sections of the channel that corresponded to sampling point locations were then independently reviewed.
Based on the travel times through the individual sections, a cumulative time frame was developed. (Refer to Table 8 for selected data.) Approximately 74% of the total iron load was removed along an approximately 180-meter (600-foot) long section of the channel within about 90 minutes. Interestingly, the greatest decrease in loading for a particular segment in comparison to the loading at the start of that segment (~52%) occurred between OPC1 and OPC2B where the loading decreased from 10.2 kg (22.4 lbs) to 4.8 kg (10.7 lbs), in a distance of only 35 meters (115 feet). As this channel section had a comparatively steep slope, the retention time was only about 6 minutes. A significant corresponding increase in dissolved oxygen concentrations and pH also occurred in this time. Thiobacillus ferrooxidans and other acidophilic chemolithotrophic bacteria have been identified as being able to increase the rate of oxidation of Fe +2 to Fe +3 at pH below 3.5 (Kleinmann, et al, 1981) . A study completed by Okereke and Stevens in 1991 which investigated the role of temperature as well as bacterial cell, ferrous, and sodium concentrations on Fe +2 oxidation rates found that these factors accounted for about 68%, 20%, 1.5%, and <1%, respectively, of the total variation within the study (Okereke, et al, 1991) . The same study found a doubling of the oxidation rate when both temperature increased between 10°C and 20°C and bacterial concentration increased between 0.25 and 0.50 mg/ml; however, the study also showed that independently the concentration of T. ferrooxidans was the single most important factor and that, as an independent factor, temperature had little effect, which correlates well with our observation of iron removal during the winter.
Burgos, Senko and Bruns (Burgos, et al, 2007) investigated factors influencing differences in low-pH iron removal occurring naturally at two sites with somewhat similar water quality. Not unlike our experiences and the study conducted by Okereke, they found that iron oxidation occurred regardless of time of year, but a slight decrease in the oxidation rate did occur during winter. By comparing the iron removal at the two sites, they also concluded that by maximizing the residence time and aeration of the mine water flowing over the iron sediments that an efficient and low-cost system could be implemented at these sites (Burgos, et al, 2007) . In addition, there was evidence that the iron oxide sediments themselves may then act as a catalyst thus further promoting iron removal at low pH.
Conclusion
Two acidic abandoned mine discharges with high concentrations of iron and aluminum are being effectively treated with an innovative passive treatment system. In addition to a variety of treatment components, the passive system includes the use of Oxidation and Precipitation Channels (OPCs) to remove iron at low pH in order to reduce operation and maintenance concerns and extend the life of the system. Available literature indicates that the success of the OPC is most likely a result of iron-oxidizing bacteria performing at ideal conditions. Other design considerations included creating elk habitat, decreasing the potential for saturation with respect to gypsum, increasing alkalinity through anaerobic decomposition and sulfate reduction in existing net alkaline mine drainage sources to aid in treatment of the acidic drainage and reduce the amount of limestone needed. The final effluent of the system can be characterized as net alkaline with total iron and aluminum less than 1 mg/L and total manganese less than 6 mg/L.
Improvements to the receiving stream have been substantial.
